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Growth differentiation factor 15 (GDF15) is receiving great interest beyond its role as an aging and disease-related biomarker. Re-
cent discovery of its receptor, glial cell line-derived neurotrophic factor (GDNF) family receptor a-like (GFRAL), suggests a cen-
tral role in appetite regulation. However, there is also considerable evidence that GDF15 may have peripheral activity through an
as-of-yet undiscovered mode of action. This raises the question as to whether increased GDF15 induction during pathophysiolog-
ic conditions also suppresses appetite. The present review will briefly introduce the discovery of GDF15 and describe the different
contexts under which GDF15 is induced, focusing on its induction during mitochondrial dysfunction. We will further discuss the
metabolic role of GDF15 under various pathophysiological conditions and conclude with possible therapeutic applications.
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The Sulwon Award for Scientific Achievement is the Korean
Diabetes Association’s highest scientific award and honors an
individual who has excellently contributed to the progress in
the field of diabetes and metabolism. The Sulwon Award is
named after an emeritus professor, Eung Jin Kim, who
founded Korean Diabetes Association. Prof. Minho Shong
received the 11th Sulwon Award at 32nd Spring Congress of
Korean Diabetes Association, May 9 to 11, 2019 at Gyeongju,

Korea.

INTRODUCTION

Growth differentiation factor 15 (GDF15) was originally classi-
fied as a divergent member of the transforming growth factor
beta (TGF-pB) superfamily. GDF15 was initially discovered in
1997 through subtraction cloning, and named macrophage in-
hibitory cytokine-1 (MIC-1) due to increased secretion in re-
sponse to proinflammatory cytokines, thus limiting the further

activation of late phase macrophages [1]. A second group iden-
tified a gene in response to nonsteroidal anti-inflammatory
drugs (NSAID), and defined GDF15 as NSAID-activated gene
(NAG-1) [2]. GDF15 is also known as placental transformation
growth factor-f3 (PTGF-B) and prostate derived factor (PDF)
[3,4]. Although initially classified as a member of the TGF-f
superfamily, the recent discovery of the glial cell line-derived
neurotrophic factor (GDNF) family receptor o-like (GFRAL)
protein as the cognate receptor of GDF15 has led to attempts to
reclassify GDF15 as a member of the GDNF family [5].

GDF15 is highly expressed in the placenta and during preg-
nancy. Whole body knockout of GDF15 in mice showed nor-
mal development and fertility, but mice were more prone to
diet-induced obesity due to spontaneous food intake, suggest-
ing that GDF15 atypically regulates appetite [6]. Cellular stress
is known to highly upregulate GDF15 in both humans and
mice [7-11]. Plasma concentrations of GDF15 increase during
metabolic adaptations such as exercise, and in various patholo-
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Table 1. GDF15 and disease models

Disease model Organism Organ/tissue Findings Reference
Cardiovascular Mouse, human  Brain, Heart Predictive biomarker for mortality related to stroke, [18,19,23-25]
myocardial infarction, cardiac ischemia, and heart
failure
Cardiovascular Rat, mouse Heart GDF15 protects against cardiac hypertrophy and [20,21]
ischemia reperfusion injury
Inflammation Mouse Macrophage GDF15 polarizes macrophages toward anti-inflammatory ~ [30,31]
M2
Liver fibrosis and NASH Mouse Liver Alcohol-induced fibrosis is attenuated by GDF15; [61,62]
GDF15 Tg mice have reduced symptoms of NASH
Cancer Invitro,mouse  Lungand glioma GDF15 induces apoptosis [34,35]
Cancer Various Various GDF15 promotes proliferation and metastasis [32]
Aging Mouse, human ~ Serum Increased serum GDF15 correlated with age [38,39]
Mitochondrial dysfunction ~ Mouse Various Increased GDF15 induction and improved metabolism [7,31,45]
Longevity Mouse Whole body Female GDF15 Tg mice have increased lifespan [46]

GDF15, growth differentiation factor 15; NASH, nonalcoholic steatohepatitis; Tg, transgenic.

gies including cardiovascular disease, inflammation, cancer,
obesity, mitochondrial disease, as well as during aging [11-17].
GDF15 induction in various diseases is summarized in Table 1.

INDUCTION OF GDF15 UNDER VARIOUS
CONTEXTS

Cardiovascular disease

Many of the early studies on GDF15 have focused on its role in
cardiovascular disease. GDF15 is a predictive biomarker for
cardiovascular risk as well as all-cause mortality [18-21]. Se-
rum GDF15 increases in various conditions such as ischemia,
myocardial infarction, heart failure, and stroke. In particular,
myocardial infarction was found to elevate the expression of
GDF15 in response to increased reactive oxidative species and
pro-inflammatory cytokines [22-25]. Common to these stud-
ies was that GDF15 was a strong predictor of mortality. How-
ever, it should be noted that increased GDF15 as a predictive
biomarker does not establish causation. Additionally, there are
conflicting reports as to whether GDF15 protects against or
exacerbates cardiovascular disease [20,23]. Thus, these studies
should be approached with discretion. GDF15 in relation to
cardiovascular disease has been previously reviewed by Wang
etal. [26].

Inflammation
GDF15 has also been reported to have an anti-inflammatory
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effect [27,28]. Immune balance is maintained by pro-inflam-
matory type 1 and anti-inflammatory type 2 immune respons-
es [29]. Our group found that GDF15 induces an anti-inflam-
matory type 2 response through M2 polarization of macro-
phages [30]. In our study, we generated a macrophage-specific
mouse model with genetic ablation of the CR6-interacting fac-
tor 1 (Crifl) gene, which is essential for the biogenesis and as-
sembly of the mitochondrial oxidative phosphorylation com-
plex. Macrophage-specific Crifl deletion mice showed re-
duced GDF15 induction and increased polarization to pro-in-
flammatory M1 macrophages. M2 polarization by GDF15 was
also observed in a separate study on adipocyte-specific Crifl
knockout mice [31]. Increased expression of GDF15 was ob-
served in adipose tissue of Crifl- deleted mice, which was ac-
companied by an increase in M2 polarization of macrophages.
Double knockout of Crifl and GDF15 abrogated M2 polariza-
tion and increased the proportion of M1 macrophages. In ad-
dition, Luan et al. [15] observed that the expression of GDF15
in humans and mice increased during inflammatory condi-
tions caused by bacterial and viral infections, and revealed that
GDF15 induces cardioprotective effects during acute inflam-
mation. Collectively, these results indicate that GDF15 can
have an anti-inflammatory effect.

Cancer
Significant increases of GDF15 expression have been observed
in various types of cancers including colon, breast, pancreas,
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liver, thyroid, and ovarian, and can have both a pro- and anti-
tumorigenic effect [12,32]. The expression of GDF15 is regu-
lated by p53, early growth response protein 1 (EGR-1), mito-
gen activated protein kinase (MAPK), or the AKT/glycogen
synthase kinase 3 beta (GSK-3 beta) pathways in tumor micro-
environments [33]. GDF15 is heavily involved in cancer pro-
gression through proliferation, invasion/metastasis, and drug
resistance. In most cancer types, GDF15 induction promoted
tumor proliferation as well as invasion/metastasis via the p38
MAPK, AKT, and ERK-1/2, SMAD 2/3, and GSK-3 beta path-
ways [32]. In contrast to its pro-tumorigenic role, GDF15 was
also shown to inhibit cancer by inducing apoptosis in lung
cancer and glioma [34,35]. In these studies, the apoptotic role
of GDF15 was revealed by using GDF15 transgenic mice and
cell lines overexpressing GDF15. Cell apoptosis in lung cancer
and glioma was activated by the p38 MAPK and PI3K/AKT
signaling pathways, respectively. Therefore, it is likely that the
dichotomous role of GDF15 in cancer can be explained by its
anti-tumorigenic response to limit tumor growth in the initial
stages of tumorigenesis. However, in the later stages, cancer
cells may exploit GDF15 as a means to escape immune surveil-
lance, and thus promote a more pro-tumorigenic environment
conducive to proliferation and metastasis.

Aging

Aging is characterized by a gradual decline in cellular homeo-
stasis [36]. As aging progresses, not only do the bodily func-
tions weaken, but inflammation and tissue injury become
more common. As GDF15 is known to be induced by stress, it
is unsurprising that plasma GDF15 increases with age [16,37,
38]. A recent study utilized aptamer-based proteomics to con-
duct a large-scale study of plasma proteins in human cohorts
[39]. A total of 2,925 plasma proteins from 4,263 subjects be-
tween the ages of 18 and 95 years were analyzed. GDF15 was
found to be a significant marker for aging and showed undu-
lating increases based on age. Furthermore, GDF15 was found
to be highly conserved between mice and humans, suggesting
that GDF15 is an ideal therapeutic target for aging research. A
more recent study attempted to find proteomic signatures that
changed through a 9-year follow-up from older adults [40]. As
mobility disability is an indicator of health in the elderly, a
method of comparing the association between mobility and
plasma proteins was implemented. In this study, the authors
found that GDF15, plasma cathepsin S (CTSS), and thrombos-
pondin-2 (THBS2) are novel biomarkers associated with mo-
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bility disability in the elderly.

Mitochondrial dysfunction

Mitochondrial dysfunction has been implicated in various dis-
eases ranging from metabolic disorders to cancer and aging-
related disorders, and is a common underlying factor which
may account for GDF15 induction in various pathophysiologic
contexts [41,42]. GDF15 is considered as a mitochondrial cy-
tokine (mitokine), and induced by mitochondrial dysfunction
[7,8,37,38]. The concept of mitokine was first mentioned in the
C. elegans model, where upregulation of the mitochondrial
unfolded protein response (UPR™) in the worm nervous sys-
tem resulted in the distal activation of the UPR™ in the gut
[43]. In the context of mammalian systems, the increased com-
plexity of the organism results in a differing response where
mitokines can regulate systemic metabolism [7,10,44,45]. In
lower organisms, the UPR™ is reported as an important factor
in longevity [43]. By contrast, in mammalian systems, the UP-
R™ confers a metabolic benefit in the form of improved glu-
cose tolerance and insulin sensitivity.

Fibroblast growth factor 21 (FGF21) and GDF15 are consid-
ered as mammalian mitokines, which can have a metabolic
benefit. Further investigations will be required to confirm
whether elevated mitokine induction can lead to increased
lifespan in higher organisms. Several murine studies and cor-
relative analyses in human patients suggest that mitokines can
in fact increase the longevity in mammals [37,46,47]. Trans-
genic mice overexpressing FGF21 were reported to have a 36%
increase in median lifespan. These benefits were attributed to
decreased growth hormone/insulin-like growth factor-1 (IGF-
1) signaling in the liver [47]. Another study in transgenic mice
overexpressing hNAG-1/GDF15 found that female mice had
increased mean and median lifespan, with improved metabolic
parameters including lower body weight, improved glucose
tolerance and insulin sensitivity, and decreased serum levels of
insulin and IGF-1. The lifespan-enhancing effect was more
pronounced when mice were fed a high fat diet.

While FGF21 initially received significant interest, a human
clinical trial of the FGF21 analog, LY2405319, failed to recapit-
ulate the glucose-lowering effects observed in rodents and
non-human primates [48]. It remained to be seen whether
GDF15 could also be a pharmacological agent which can be
used in the treatment of metabolic diseases. However, the re-
cent discovery of the cognate GDF15 receptor has spurred a
new interest in GDF15 as a novel therapeutic drug.
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GFRAL AND THE METABOLIC ROLE OF
GDF15

Historically, the studies showing high expression and serum
levels of GDF15 in various cancers attempted to identify the
receptor and downstream signaling mediating the biological
action of GDF15 [20,49-54]. As GDF15 is a distant member of
the TGF-[3 superfamily, most in vitro studies initially suggested
that treatment of recombinant GDF15 (rGDF15) can phos-
phorylate SMAD2/3 dose-dependently through the TGF-f re-
ceptor type I/II [49,51,52] or avian erythroblastosis oncogene
B (ErbB2/HER2) [53]. However, recent studies have revealed
that purified rGDF15 prepared from mammalian cells also in-
cluded a small amount of TGF-B1, which caused the phos-
phorylation of SMAD2 [55].

GFRAL, an orphan member of the GDNF receptor family,
was newly identified in 2017 as the receptor for GDF15 by four
independent research groups from the pharmaceutical indus-
try [5,56-58]. Through the screening of a cDNA library includ-
ing approximately 4,000 cell-surface proteins, the studies found
that GFRAL strongly interacted with GDF15; the mutation of
valine 87 and isoleucine 89 resulted in a loss of the binding af-
finity of GDF15 with GFRAL, while tryptophan 32 was found
to be critical for the inhibition of food intake [57]. RET, a tyro-
sine kinase coreceptor, was necessary for the GDF15-GFRAL
signal transduction and downstream activation of AKT,
ERK1/2, and phospholipase C-y (PLCy) in neuroblastoma cell
lines transfected with GFRAL [57,58]. A study using cryogenic
electron microscopy (cryo-EM) confirmed the binding inter-
action in the GDF15-GFRAL-RET complex, in which interac-
tion is formed between the helix-loop-helix region of GFRAL
and the cadherin-like domain (CLD) 1/2 of RET. GDF15 binds
to the cysteine-rich domain (CRD) of RET [59].

The expression of GFRAL in rodents, non-human primates,
and humans is highly restricted to the area postrema (AP) and
nucleus of the solitary tract (NTS) of the hindbrain. The repre-
sentative physiological action of the GDF15-GFRAL axis re-
sulted in an anorexigenic effect, causing a reduction in body
weight [5,49,56-58,60]. Prior to the identification of GFRAL,
several studies already reported that administration of GDF15
triggered the activation of c-Fos in the AP and NTS regions,
resulting in reduced food intake and decreased body weight in
a leptin-independent manner [49,60]. Consistent with previ-
ous results, food intake and body weight were reduced in con-
trol mice administrated a single or chronic dose of rGDF15
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(0.1-0.3 mg/kg), but these effects were completely neutralized
in Gfral knockout mice [5,56-58]. More recently, it was report-
ed that administration of rGDF15 acutely (0.01 to 0.1 mg/kg)
caused conditioned taste aversion (CTA) similar to taste aver-
sion with lithium chloride, which was consistent with observa-
tions showing that GDF15 also activated c-Fos in the parabra-
chial nucleus (PBN) to relay the aversive signals [5,11]. Thus,
recent studies have established the main role of GDF15 as or-
chestrating food intake and body weight.

Most TGF-B family members are dimeric polypeptides and
serum GDF15 was detected in its mature form, which is con-
sistent with the observation of the binding structure via crys-
tallography and cryo-EM [10,13]. Despite the clear interaction
between GDF15 and GFRAL, there are still several unan-
swered questions pertaining to possible peripheral activity.

PERIPHERAL ACTIVITY OF GDF15

Several lines of evidence support direct GDF15 activity in the
periphery which cannot be accounted for by reduced appetite.
As GFRAL expression is limited to the AP and NTS region of
the hindbrain, it is highly possible that GDF15 may act directly
through an as-of-yet undiscovered mode of action. One study
observed that in a pediatric model of heart disease via knock-
out of cardiomyocyte-specific estrogen-related receptor alpha
(ERRa) and gamma (ERRYy) in mice, serum GDF15 was in-
creased by 4-fold by day 10. Growth hormone levels in the se-
rum were unchanged; however plasma IGF-1 levels were re-
duced, suggesting impaired liver growth hormone signaling.
This resulted in the diminished body growth of mice [17].

We and others have found that increased serum GDF15
from the liver can reduce the symptoms of nonalcoholic ste-
atohepatitis (NASH) and liver fibrosis [61,62]. Liver-specific
transgenic mice expressing human GDF15 were resistant to
methionine-choline deficient (MCD) diet-induced NASH. No
difference in body weight or feeding behavior was observed
between the control group and transgenic mice on the MCD
diet, suggesting that human GDF15 can have a direct anti-in-
flammatory effect on the liver immune environment [62]. In
the liver fibrosis model, CCl4 and alcohol treatment in mice
increased GDF15 induction in hepatocytes, which ameliorated
liver fibrosis, as GDF15 knockout mice had exacerbated liver
fibrogenesis. Furthermore, GDF15 knockout mice had in-
creased TNF-q, production, activated CD4* and CD8" T cells,
and infiltration of monocytes and neutrophils [61]. Taken to-
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gether, these two studies demonstrate that GDF15 can have a
direct effect on the liver immune environment which cannot
be explained through GFRAL-mediated feeding behavior.

One possible explanation for peripheral GDF15 activity can
be gleaned from cancer studies. Early studies have found that
various forms of GDF15 were secreted, which included not
only the dimeric mature GDF15 (aa 197-308, approximately
30 kDa), but also the monomeric pro-GDF15 (aa 29-308, ap-
proximately 40 kDa), dimeric pro-GDF15 (approximately 80
kDa), and even the pro-peptide GDF15 (aa 29-196, approxi-
mately 28 kDa) [1,63,64]. Although mature GDF15 was de-
tected in the serum of a xenograft cancer model [63], pro-
GDF15 was more rapidly secreted than mature GDF15 in
transfected monocytoid cells and locally stored to mediate the
biological activity of GDF15 [65]. Many of the previous studies
focused on mature GDF15 in the context of pathological con-
ditions such as cancer, cachexia, inflammatory disease, and
type 2 diabetes mellitus. Thus it remains to be seen whether the
various forms of GDF15 can exist in the serum and have any
peripheral activity. This viewpoint is discussed in more detail
by Baek and Eling [12].

Despite some evidence of peripheral GDF15 activity, in the
absence of the identity of its cognate peripheral receptor, cur-
rently it is difficult to ascertain whether GDF15 can have a di-
rect peripheral effect, thus necessitating further studies in this
area. This problem is however exacerbated by commercially
available rGDF15 contamination with TGF-B1 and endotoxin
levels which may invalidate previous in vitro studies .The gen-
eration of rGDF15 in yeast-based systems may facilitate fur-
ther studies on GDF15 signaling pathways in peripheral or-
gans.

THERAPEUTIC APPLICATIONS

GDF15 can both reduce food intake and increase energy ex-
penditure [49,58]. GDF15 acts through a brain-stem-restricted
receptor, through which it reduces food intake and lowers
body weight. Metformin, the world’s most prescribed anti-dia-
betic drug, is effective in preventing type 2 diabetes mellitus in
people with high risk. Metformin elevates circulating levels of
GDF15, which is necessary to obtain its beneficial effects on
energy balance and body weight [66]. Metformin likely elicits a
GDF15-independent effect on circulating levels of glucose and
insulin by primarily increasing weight loss, secondary to an-
orexia. GDF15 levels do increase following sustained high-fat

https://e-dmj.org  Diabetes Metab J 2020;44:363-371

dmj

feeding or dietary amino acid imbalance in mice [11]. Mice fed
a lysine-deficient diet activate the integrated stress response,
which increases serum GDF15 levels. Pharmacological GDF15
administration to mice triggers CTA in response to nutritional
stress, establishing the GDF15-GFRAL axis as critical to stress
pathway-induced weight loss.

CONCLUSIONS

Gdf15 is a stress-related protein which is elevated in various
pathologies. We have consistently found that Gdf15 is induced
in mitochondrial defect models which generally show in-
creased energy expenditure and resistance to high fat diet-me-
diated weight gain and glucose intolerance. With the discovery
of GFRAL, it is indisputable that GDF15 regulates feeding be-
havior. However, several studies consistently show that GDF15
can have a peripheral activity. The lack of a definite peripheral
Gdf15 receptor necessitates the need to identify a peripheral
receptor or alternate mode of action which can mediate these
peripheral responses. Increased availability of rtGDF15 through
improved production methods will likely facilitate further re-
search in this area.

CONEFLICTS OF INTEREST

No potential conflict of interest relevant to this article was re-
ported.

ORCID

Joon Young Chang_ https://orcid.org/0000-0003-3066-6463
Hyun Jung Hong https://orcid.org/0000-0002-2417-991X
Minho Shong https://orcid.org/0000-0002-0247-7115

ACKNOWLEDGMENTS

We apologize to the authors whose work was not included.
This work was supported by the Global Research Laboratory
(GRL) Program through the National Research Foundation of
Korea (NRF) funded by the Ministry of Science and ICT (No.
NRF-2017K1A1A2013124) and National Research Founda-
tion of Korea (NRF), and the Strategic Initiative Program
funded by the Ministry of Science, ICT & Future Planning
(No.NRF-2017R1E1A1A01075126).

367



Chang]JY, et al.

dmj

REFERENCES 9. Melvin A, Lacerda E, Dockrell HM, O'Rahilly S, Nacul L. Cir-

1. Bootcov MR, Bauskin AR, Valenzuela SM, Moore AG, Bansal

appetite and body weight regulator. PLoS One 2013;8:¢55174.

7. Chung HK, Ryu D, Kim KS, Chang JY, Kim YK, Yi HS, Kang
SG, Choi MJ, Lee SE, Jung SB, Ryu MJ, Kim SJ, Kweon GR,
Kim H, Hwang JH, Lee CH, Lee SJ, Wall CE, Downes M, Evans
RM, Auwerx J, Shong M. Growth differentiation factor 15 is a
myomitokine governing systemic energy homeostasis. J Cell
Biol 2017;216:149-65.

18.

culating levels of GDF15 in patients with myalgic encephalo-
myelitis/chronic fatigue syndrome. ] Transl Med 2019;17:409.

M, He XY, Zhang HP, Donnellan M, Mahler S, Pryor K, Walsh  10. Ost M, Igual Gil C, Coleman V, Keipert S, Efstathiou S, Vidic V;
BJ, Nicholson RC, Fairlie WD, Por SB, Robbins JM, Breit SN. Weyers M, Klaus S. Muscle-derived GDF15 drives diurnal an-
MIC-1, a novel macrophage inhibitory cytokine, is a divergent orexia and systemic metabolic remodeling during mitochon-
member of the TGF-beta superfamily. Proc Natl Acad Sci U S drial stress. EMBO Rep 2020;21:48804.

A 1997;94:11514-9. 11. Patel S, Alvarez-Guaita A, Melvin A, Rimmington D, Dattilo A,

2. Baek §J, Kim KS, Nixon JB, Wilson LC, Eling TE. Cyclooxy- Miedzybrodzka EL, Cimino I, Maurin AC, Roberts GP, Meek
genase inhibitors regulate the expression of a TGF-beta super- CL, Virtue S, Sparks LM, Parsons SA, Redman LM, Bray GA,
family member that has proapoptotic and antitumorigenic ac- Liou AP, Woods RM, Parry SA, Jeppesen PB, Kolnes AJ, Hard-
tivities. Mol Pharmacol 2001;59:901-8. ing HP, Ron D, Vidal-Puig A, Reimann E Gribble FM, Hulston

3. Li PX, Wong J, Ayed A, Ngo D, Brade AM, Arrowsmith C, CJ, Farooqi IS, Fafournoux P, Smith SR, Jensen J, Breen D, Wu
Austin RC, Klamut HJ. Placental transforming growth factor- Z, Zhang BB, Coll AP, Savage DB, O'Rahilly S. GDF15 provides
beta is a downstream mediator of the growth arrest and apop- an endocrine signal of nutritional stress in mice and humans.
totic response of tumor cells to DNA damage and p53 overex- Cell Metab 2019;29:707-18.
pression. ] Biol Chem 2000;275:20127-35. 12. Baek §J, Eling T. Growth differentiation factor 15 (GDF15): a

4. Paralkar VM, Vail AL, Grasser WA, Brown TA, Xu H, Vu- survival protein with therapeutic potential in metabolic diseas-
kicevic S, Ke HZ, Qi H, Owen TA, Thompson DD. Cloning es. Pharmacol Ther 2019;198:46-58.
and characterization of a novel member of the transforming  13. Ji X, Zhao L, Ji K, Zhao Y, Li W, Zhang R, Hou Y, Lu ], Yan C.
growth factor-beta/bone morphogenetic protein family. ] Biol Growth differentiation factor 15 is a novel diagnostic biomark-
Chem 1998;273:13760-7. er of mitochondrial diseases. Mol Neurobiol 2017;54:8110-6.

5. HsuJY, Crawley S, Chen M, Ayupova DA, Lindhout DA, Hig-  14. Kleinert M, Clemmensen C, Sjoberg KA, Carl CS, Jeppesen JE
bee J, Kutach A, Joo W, Gao Z, Fu D, To C, Mondal K, Li B, Wojtaszewski JFP, Kiens B, Richter EA. Exercise increases cir-
Kekatpure A, Wang M, Laird T, Horner G, Chan ], McEntee M, culating GDF15 in humans. Mol Metab 2018;9:187-91.

Lopez M, Lakshminarasimhan D, White A, Wang SP, Yao ], Yie ~ 15. Luan HH, Wang A, Hilliard BK, Carvalho E Rosen CE, Ahasic
J, Matern H, Solloway M, Haldankar R, Parsons T, Tang J, Shen AM, Herzog EL, Kang I, Pisani MA, Yu S, Zhang C, Ring AM,
WD, Alice Chen Y, Tian H, Allan BB. Non-homeostatic body Young LH, Medzhitov R. GDF15 is an inflammation-induced
weight regulation through a brainstem-restricted receptor for central mediator of tissue tolerance. Cell 2019;178:1231-44.

GDF15. Nature 2017;550:255-9. 16. Tanaka T, Biancotto A, Moaddel R, Moore AZ, Gonzalez-

6. Tsai VW, Macia L, Johnen H, Kuffner T, Manadhar R, Jor- Freire M, Aon MA, Candia J, Zhang P, Cheung E, Fantoni G;
gensen SB, Lee-Ng KK, Zhang HP, Wu L, Marquis CP, Jiang L, CHI consortium, Semba RD, Ferrucci L. Plasma proteomic
Husaini Y, Lin S, Herzog H, Brown DA, Sainsbury A, Breit SN. signature of age in healthy humans. Aging Cell 2018;17:¢12799.
TGF-b superfamily cytokine MIC-1/GDF15 is a physiological ~ 17. Wang T, Liu J, McDonald C, Lupino K, Zhai X, Wilkins B], Ha-

konarson H, Pei L. GDF15 is a heart-derived hormone that
regulates body growth. EMBO Mol Med 2017;9:1150-64.
Wiklund FE, Bennet AM, Magnusson PK, Eriksson UK, Lind-
mark F, Wu L, Yaghoutyfam N, Marquis CP, Stattin P, Pedersen
NL, Adami HO, Gronberg H, Breit SN, Brown DA. Macro-
phage inhibitory cytokine-1 (MIC-1/GDF15): a new marker of
all-cause mortality. Aging Cell 2010;9:1057-64.

8. Khan NA, Nikkanen J, Yatsuga S, Jackson C, Wang L, Pradhan ~ 19. Wollert KC. Growth-differentiation factor-15 in cardiovascular
S, Kivela R, Pessia A, Velagapudi V, Suomalainen A. mTORCl disease: from bench to bedside, and back. Basic Res Cardiol
regulates mitochondrial integrated stress response and mito- 2007;102:412-5.
chondrial myopathy progression. Cell Metab 2017;26:419-28. 20. Xu J, Kimball TR, Lorenz JN, Brown DA, Bauskin AR, Klev-

368

Diabetes Metab ] 2020;44:363-371  https://e-dmj.org



GDF15 and metabolism

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

itsky R, Hewett TE, Breit SN, Molkentin JD. GDF15/MIC-1
functions as a protective and antihypertrophic factor released
from the myocardium in association with SMAD protein acti-
vation. Circ Res 2006;98:342-50.

Kempf T, Eden M, Strelau J, Naguib M, Willenbockel C,
Tongers ], Heineke ], Kotlarz D, Xu J, Molkentin JD, Niessen
HW, Drexler H, Wollert KC. The transforming growth factor-
beta superfamily member growth-differentiation factor-15
protects the heart from ischemia/reperfusion injury. Circ Res
2006;98:351-60.

Artz A, Butz S, Vestweber D. GDF-15 inhibits integrin activa-
tion and mouse neutrophil recruitment through the ALK-5/
TGEF-BRII heterodimer. Blood 2016;128:529-41.

Groschel K, Schnaudigel S, Edelmann F, Niehaus CE, Weber-
Kruger M, Haase B, Lahno R, Seegers J, Wasser K, Wohlfahrt J,
Vollmann D, Stahrenberg R, Wachter R. Growth-differentia-
tion factor-15 and functional outcome after acute ischemic
stroke. ] Neurol 2012;259:1574-9.

O’Donoghue ML, Morrow DA, Cannon CP, Jarolim P, Desai
NR, Sherwood MW, Murphy SA, Gerszten RE, Sabatine MS.
Multimarker risk stratification in patients with acute myocar-
dial infarction. ] Am Heart Assoc 2016;5:¢002586.

Yuan Z, Li H, Qi Q Gong W, Qian C, Dong R, Zang Y, Li ],
Zhou M, Cai ], Wang Z, Chen A, Ye X, Zhao Q. Plasma levels of
growth differentiation factor-15 are associated with myocardial
injury in patients undergoing off-pump coronary artery bypass
grafting. Sci Rep 2016;6:28221.

Wang J, Wei L, Yang X, Zhong J. Roles of growth differentiation
factor 15 in atherosclerosis and coronary artery disease. ] Am
Heart Assoc 2019;8:¢012826.

Abulizi P, Loganathan N, Zhao D, Mele T, Zhang Y, Zwiep T,
Liu K, Zheng X. Growth differentiation factor-15 deficiency
augments inflammatory response and exacerbates septic heart
and renal injury induced by lipopolysaccharide. Sci Rep
2017;7:1037.

Kim JM, Kosak JP, Kim JK, Kissling G, Germolec DR, Zeldin
DC, Bradbury JA, Baek §J, Eling TE. NAG-1/GDF15 transgen-
ic mouse has less white adipose tissue and a reduced inflam-
matory response. Mediators Inflamm 2013;2013:641851.
Wang N, Liang H, Zen K. Molecular mechanisms that influ-
ence the macrophage m1-m2 polarization balance. Front Im-
munol 2014;5:614.

Jung SB, Choi MJ, Ryu D, Yi HS, Lee SE, Chang JY, Chung HK,
Kim YK, Kang SG, Lee JH, Kim KS, Kim HJ, Kim CS, Lee CH,
Williams RW, Kim H, Lee HK, Auwerx J, Shong M. Reduced

https://e-dmj.org  Diabetes Metab J 2020;44:363-371

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

dmj

oxidative capacity in macrophages results in systemic insulin
resistance. Nat Commun 2018;9:1551.

Choi MJ, Jung SB, Lee SE, Kang SG, Lee JH, Ryu M]J, Chung
HK, Chang JY, Kim YK, Hong HJ, Kim H, Kim HJ, Lee CH,
Mardinoglu A, Yi HS, Shong M. An adipocyte-specific defect
in oxidative phosphorylation increases systemic energy expen-
diture and protects against diet-induced obesity in mouse
models. Diabetologia 2020;63:837-52.

Modi A, Dwivedi S, Roy D, Khokhar M, Purohit P, Vishnoi J,
Pareek P, Sharma S, Sharma P, Misra S. Growth differentiation
factor 15 and its role in carcinogenesis: an update. Growth Fac-
tors 2019;37:190-207.

Eling TE, Baek SJ, Shim M, Lee CH. NSAID activated gene
(NAG-1), a modulator of tumorigenesis. ] Biochem Mol Biol
2006;39:649-55.

Cekanova M, Lee SH, Donnell RL, Sukhthankar M, Eling TE,
Fischer SM, Baek SJ. Nonsteroidal anti-inflammatory drug-ac-
tivated gene-1 expression inhibits urethane-induced pulmo-
nary tumorigenesis in transgenic mice. Cancer Prev Res (Phi-
la) 2009;2:450-8.

Zhang Z, Wu L, Wang J, Li G, Feng D, Zhang B, Li L, Yang J,
Ma L, Qin H. Opposing eftects of PI3K/Akt and Smad-depen-
dent signaling pathways in NAG-1-induced glioblastoma cell
apoptosis. PLoS One 2014;9:e96283.

Lopez-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer G.
The hallmarks of aging. Cell 2013;153:1194-217.

Conte M, Ostan R, Fabbri C, Santoro A, Guidarelli G, Vitale G,
Mari D, Sevini E, Capri M, Sandri M, Monti D, Franceschi C,
Salvioli S. Human aging and longevity are characterized by
high levels of mitokines. ] Gerontol A Biol Sci Med Sci 2019;74:
600-7.

Fujita Y, Taniguchi Y, Shinkai S, Tanaka M, Ito M. Secreted
growth differentiation factor 15 as a potential biomarker for
mitochondrial dysfunctions in aging and age-related disorders.
Geriatr Gerontol Int 2016;16 Suppl 1:17-29.

Lehallier B, Gate D, Schaum N, Nanasi T, Lee SE, Yousef H,
Moran Losada P, Berdnik D, Keller A, Verghese ], Sathyan S,
Franceschi C, Milman S, Barzilai N, Wyss-Coray T. Undulating
changes in human plasma proteome profiles across the lifes-
pan. Nat Med 2019;25:1843-50.

Osawa Y, Semba RD, Fantoni G, Candia J, Biancotto A, Tanaka
T, Bandinelli S, Ferrucci L. Plasma proteomic signature of the
risk of developing mobility disability: a 9-year follow-up. Aging
Cell 2020;19:€13132.

Jang JY, Blum A, Liu J, Finkel T. The role of mitochondria in

369



d

42.

43.

44.

45.

46.
47.
48.

49.

50.

51.

370

Chang]JY, et al.

mj

aging. J Clin Invest 2018;128:3662-70.

Moro L. Mitochondrial dysfunction in aging and cancer. ] Clin
Med 2019;8:1983.

Durieux J, Wolff S, Dillin A. The cell-non-autonomous nature
of electron transport chain-mediated longevity. Cell 2011;144:
79-91.

Kim KH, Jeong YT, Oh H, Kim SH, Cho JM, Kim YN, Kim SS,
Kim DH, Hur KY, Kim HK, Ko T, Han J, Kim HL, Kim J, Back
SH, Komatsu M, Chen H, Chan DC, Konishi M, Itoh N, Choi
CS, Lee MS. Autophagy deficiency leads to protection from
obesity and insulin resistance by inducing Fgf21 as a mitokine.
Nat Med 2013;19:83-92.

Morrow RM, Picard M, Derbeneva O, Leipzig ], McManus MJ,
Gouspillou G, Barbat-Artigas S, Dos Santos C, Hepple RT,
Murdock DG, Wallace DC. Mitochondrial energy deficiency
leads to hyperproliferation of skeletal muscle mitochondria
and enhanced insulin sensitivity. Proc Natl Acad Sci U S A
2017;114:2705-10.

Wang X, Chrysovergis K, Kosak J, Kissling G, Streicker M,
Moser G, Li R, Eling TE. hNAG-1 increases lifespan by regulat-
ing energy metabolism and insulin/IGF-1/mTOR signaling.
Aging (Albany NY) 2014;6:690-704.

Zhang Y, Xie Y, Berglund ED, Coate KC, He T'T, Katafuchi T,
Xiao G, Potthoff MJ, Wei W, Wan Y, Yu RT, Evans RM, Kliewer
SA, Mangelsdorf DJ. The starvation hormone, fibroblast
growth factor-21, extends lifespan in mice. Elife 2012;1:¢00065.
Gaich G, Chien JY, Fu H, Glass LC, Deeg MA, Holland WL,
Kharitonenkov A, Bumol T, Schilske HK, Moller DE. The ef-
fects of LY2405319, an FGF21 analog, in obese human subjects
with type 2 diabetes. Cell Metab 2013;18:333-40.

Johnen H, Lin S, Kuffner T, Brown DA, Tsai VW, Bauskin AR,
Wu L, Pankhurst G, Jiang L, Junankar S, Hunter M, Fairlie WD,
Lee NJ, Enriquez RE Baldock PA, Corey E, Apple FS, Muraka-
mi MM, Lin EJ, Wang C, During MJ, Sainsbury A, Herzog H,
Breit SN. Tumor-induced anorexia and weight loss are mediat-
ed by the TGF-beta superfamily cytokine MIC-1. Nat Med
2007;13:1333-40.

Kim KK, Lee JJ, Yang Y, You KH, Lee JH. Macrophage inhibi-
tory cytokine-1 activates AKT and ERK-1/2 via the transacti-
vation of ErbB2 in human breast and gastric cancer cells. Car-
cinogenesis 2008;29:704-12.

de Jager SC, Bermudez B, Bot I, Koenen RR, Bot M, Kavelaars
A, de Waard V, Heijnen CJ, Muriana FJ, Weber C, van Berkel
TJ, Kuiper ], Lee S, Abia R, Biessen EA. Growth differentiation
factor 15 deficiency protects against atherosclerosis by attenu-

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

ating CCR2-mediated macrophage chemotaxis. ] Exp Med
2011;208:217-25.

Li C, Wang J, Kong J, Tang J, Wu Y, Xu E, Zhang H, Lai M.
GDF15 promotes EMT and metastasis in colorectal cancer.
Oncotarget 2016;7:860-72.

Li S, Ma YM, Zheng PS, Zhang P. GDF15 promotes the prolif-
eration of cervical cancer cells by phosphorylating AKT1 and
Erk1/2 through the receptor ErbB2. ] Exp Clin Cancer Res
2018;37:80.

Tarfiei GA, Shadboorestan A, Montazeri H, Rahmanian N, Ta-
vosi G, Ghahremani MH. GDF15 induced apoptosis and cyto-
toxicity in A549 cells depends on TGFBR2 expression. Cell
Biochem Funct 2019;37:320-30.

Olsen OE, Skjaervik A, Stordal BE Sundan A, Holien T. TGF-f
contamination of purified recombinant GDF15. PLoS One
2017;12:e0187349.

Emmerson PJ, Wang E Du Y, Liu Q, Pickard RT, Gonciarz MD,
Coskun T, Hamang M]J, Sindelar DK, Ballman KK, Foltz LA,
Muppidi A, Alsina-Fernandez J, Barnard GC, Tang JX, Liu X,
Mao X, Siegel R, Sloan JH, Mitchell PJ, Zhang BB, Gimeno RE,
Shan B, Wu X. The metabolic effects of GDF15 are mediated by
the orphan receptor GFRAL. Nat Med 2017;23:1215-9.
Mullican SE, Lin-Schmidt X, Chin CN, Chavez JA, Furman JL,
Armstrong AA, Beck SC, South VJ, Dinh TQ, Cash-Mason
TD, Cavanaugh CR, Nelson S, Huang C, Hunter MJ, Rangwala
SM. GFRAL is the receptor for GDF15 and the ligand pro-
motes weight loss in mice and nonhuman primates. Nat Med
2017;23:1150-7.

Yang L, Chang CC, Sun Z, Madsen D, Zhu H, Padkjaer SB, Wu
X, Huang T, Hultman K, Paulsen SJ, Wang J, Bugge A, Frantzen
JB, Norgaard P, Jeppesen JE, Yang Z, Secher A, Chen H, Li X,
John LM, Shan B, He Z, Gao X, Su ], Hansen KT, Yang W, Jor-
gensen SB. GFRAL is the receptor for GDF15 and is required
for the anti-obesity effects of the ligand. Nat Med 2017;23:1158-
66.

Li ], Shang G, Chen Y], Brautigam CA, Liou J, Zhang X, Bai
XC. Cryo-EM analyses reveal the common mechanism and di-
versification in the activation of RET by different ligands. Elife
2019;8:¢47650.

Tsai VW, Manandhar R, Jorgensen SB, Lee-Ng KK, Zhang HP,
Marquis CP, Jiang L, Husaini Y, Lin S, Sainsbury A, Sawchenko
PE, Brown DA, Breit SN. The anorectic actions of the TGF( cy-
tokine MIC-1/GDF15 require an intact brainstem area postre-
ma and nucleus of the solitary tract. PLoS One 2014;9:e100370.
Chung HK, Kim JT, Kim HW, Kwon M, Kim SY, Shong M,

Diabetes Metab ] 2020;44:363-371  https://e-dmj.org



GDF15 and metabolism

62.

63.

64.

Kim KS, Yi HS. GDF15 deficiency exacerbates chronic alcohol-
and carbon tetrachloride-induced liver injury. Sci Rep 2017;7:
17238.

Kim KH, Kim SH, Han DH, Jo YS, Lee YH, Lee MS. Growth
differentiation factor 15 ameliorates nonalcoholic steatohepati-
tis and related metabolic disorders in mice. Sci Rep 2018;8:
6789.

Bauskin AR, Brown DA, Junankar S, Rasiah KK, Eggleton S,
Hunter M, Liu T, Smith D, Kuffner T, Pankhurst GJ, Johnen H,
Russell PJ, Barret W, Stricker PD, Grygiel JJ, Kench JG, Hen-
shall SM, Sutherland RL, Breit SN. The propeptide mediates
formation of stromal stores of PROMIC-1: role in determining
prostate cancer outcome. Cancer Res 2005;65:2330-6.

Bauskin AR, Zhang HP, Fairlie WD, He XY, Russell PK, Moore
AG, Brown DA, Stanley KK, Breit SN. The propeptide of mac-

https://e-dmj.org  Diabetes Metab J 2020;44:363-371

65.

66.

dmj

rophage inhibitory cytokine (MIC-1), a TGF-beta superfamily
member, acts as a quality control determinant for correctly
folded MIC-1. EMBO ] 2000;19:2212-20.

Bauskin AR, Jiang L, Luo XW, Wu L, Brown DA, Breit SN. The
TGF-beta superfamily cytokine MIC-1/GDF15: secretory
mechanisms facilitate creation of latent stromal stores. ] Inter-
feron Cytokine Res 2010;30:389-97.

Coll AP, Chen M, Taskar P, Rimmington D, Patel S, Tadross JA,
Cimino I, Yang M, Welsh P, Virtue S, Goldspink DA, Miedzy-
brodzka EL, Konopka AR, Esponda RR, Huang JT, Tung YCL,
Rodriguez-Cuenca S, Tomaz RA, Harding HP, Melvin A, Yeo
GSH, Preiss D, Vidal-Puig A, Vallier L, Nair KS, Wareham NJ,
Ron D, Gribble FM, Reimann E Sattar N, Savage DB, Allan BB,
O’Rahilly S. GDF15 mediates the effects of metformin on body
weight and energy balance. Nature 2020;578:444-8.

371



